As one of the fault-related instability problems of tunnels, rock slip along fault plane is closely related to the shear strength of a fault, and usually causes irrecoverable and sometimes catastrophic engineering problems. In this paper, based on continuum assumption and Coulomb-slip failure, a criterion to evaluate rock slip along the fault plane was proposed for a circular tunnel in rock masses containing a fault. A mathematical equation that describes the relationship between required shear strength of a fault and horizontal stress ratio, fault spatial extension and location was established. From the equation, the influences of the important parameters on the required shear strength of a fault was analysed after a numerical validation was performed. Besides, the effects of fault spatial extension and location on the tunnelling-induced shear displacements were characterized through numerical models. Characteristics of the tunnelling-induced shear displacements at the excavation wall indicated that fault location with respect to the tunnel dominates the nonuniform rock deformations at excavation wall, and larger fault dip angles could lead to larger shear displacements in some specific pair cases. The presented investigation provides both a deeper insight into the instability problems of tunnels related to a fault and a guideline for tunnel support design.
INTRODUCTION
Fault is quite common in all types of hard rock masses, which affects the mechanical properties of rock mass greatly. Many failures or instability problems of tunnels reported are related to the nearby fault presence [1] [2] [3] [4] . And the instability of host rock around tunnel usually led to irrecoverable and catastrophic results. Fault-related instability of underground openings are often presented as rock slide along the fault plane, the downfall of blocks, wedges cut by faults or minor joints inward the cavern [5] [6] [7] . Among these types of instability, rock slide along the fault plane is a severe problem that can cause irrecoverable failure and may be a severe threat on long-term stability of underground openings [1, 4, 8, 9] . A better understanding of this problem is therefore highly required and urgent in the determination of support design for tunnels. Typical structural failure of a tunnel caused by the rock slip is presented in Figure 1 .
Attempts have been made to assess the fault-related problems by empirical or semiquantitative methods such as rock mass classification [10] and limit equilibrium approach with the aids of stereographic projection and blocky theory [11, 12] . Numerical models and physical model tests were used more often as specific academic or engineering problems could be assessed much easier that many parameters could be taken into consideration. When tunnelling in hard rock containing faults, uneven rock pressures usually cause asymmetrical stress distribution in tunnel support [13 -16] , which is not favourable and even resulted in failure as the support is designed to be symmetrical. And rock failure or the uneven rock pressures acting on support are usually due to nonuniform rock deformations [17, 18] , or shear behaviours of rock along the fault plane more precisely [7, 19] . [7] Shear behaviour of rock, also characterized as rock slip along the fault plane, is a typical response to insufficient shear strength of a fault. And in the researches of Yeung et al. [20] , Hao et al. [21] and Wang et al. [22] , the shear strengthes of faults or joints were pointed out to have a dominant infleunce on the stability of rock. Furthermore, the appearance of rock slip did not seem to be just only dependent on the fault shear strength. More detailed analysis that considered some other important parameters of horizontal stress ratio, fault dip and fault location were performed too [22 -24] . The consideration of other parameters revealed that, for a given fault shear strength, the stability of rock could not be determined when other parameters were not specified, and the required fault shear strength to keep rock stability showed dependency on stress ratios, fault dips and fault locations.
Fig. 1 -Liner failure caused by rock slide along fault
tunnelling-induced shear displacements at excavation wall resulting from relative insufficient fault shear strength were unfavourable to tunnel support. So the effects of the important parameters of horizontal stress ratio, spatial extension and location of a fault and shear strength of a fault on the tunnelling-induced shear displacements should be investigated.
In the present research, the fault spatial extension and location with respect to a tunnel were mathematically characterized firstly, which enabled the stress analysis of rock along the fault plane. And then based on continuum assumption [25] , the elastic mechanics solution of rock along the fault plane was carried out. A criterion for circularly tunnelling in hard rock containing a fault that followed Coulomb-slip failure was proposed, which mathematically described the relationship between the required fault shear strength and fault spatial extension, fault spatial location and ground horizontal stress ratio. The required fault shear strength to prevent rock slip (named lower frictional angle of fault lim  when no cohesion was considered), was proposed and validated with numerical models.
The effects of fault spatial extension and location and horizontal stress ratio on the lower frictional angle of fault lim  were analysed, which revealed the influences of a fault on the stability problems of tunnels. In addition, the effects of fault spatial extension and location on the tunnelling-induced shear displacements at excavation wall were characterized through numerical models. The attempts of this paper provided a deeper insight into the instability problems of underground openings related to fault slip.
THE CRITERION OF ROCK SLIP ALONG A FAULT

Stress analysis on the fault plane
A circular tunnel is selected in this research to simplify the stress analysis. The spatial geometric relationship between the fault and tunnel is illustrated in Figure 2 . As the axial size of tunnel is much greater than the radial one, this problem can be simplified as a plain strain problem in the yoz plane. For a deeply buried tunnel, the tunnel radius 0 r is much smaller than the depth h , thus the model can be simplified as a problem of stress concentration around a small hole in infinite domain, as presented in Figure 3 . 
Fig. 3 -Simplified model for plane strain problem
As shown in Figure 3 , a circular tunnel is excavated in infinite elastic medium which contains a fault, and the spatial extension and location of the fault could be characterized by dip angle of fault  and the distance between the fault plane and circular tunnel center d . And special assumptions are made as follows:
In the initial geostress field, the rock did not slide and the fault did not change the distribution of the initial stress; (2) The secondary stress distribution due to the excavation of tunnel is the same as that in rock mass without a fault prior to rock slip. (3) No tectonic stress field is considered.
According to the spatial relationship between fault plane and tunnel, for a fault going through the right bottom below the tunnel center, the relationship of fault dip angle  and  in a polar coordinate system could be expressed as follows:
where  is the angle between polar radius and fault plane,  is the polar angle in the coordinate system. When only self-weight of rock mass is considered, the initial geostress can be expressed as:
where  and μ are the density and Poisson's ratio of rock mass, respectively. And k is the horizontal stress ratio.
When a circular tunnel with a radius of 0 r is excavated, the secondary stress distribution in the rock mass containing a fault with a dip angle of  through the right bottom of a circular tunnel (), originally due to Kirsch [26] 
where 0 / rr   , and r is the coordinates in a polar coordinate system. For tunnels with D shape or horse-shoe shape, the stress can be analysed with complex valuable system.
An element contains the fault is derived to conduct stress analysis as shown in Figure 3 , and the normal and shear stress components on the fault plane calculated based on the assumption (2), are given by:
Analysis of lower limit frictional angle of a fault
Prior to rock slip along the fault plane, according to Coulomb-slip criterion, the stress state must satisfy the following equation: denotes the criterion to evaluate whether rock would slide along the fault or not, and it is a local criterion, and not for the rock along the whole fault. For deep hard rock engineering, the fault cohesion was always assigned to be zero [21, 27] . And for a simplified analysis, cohesion of fault is not considered ( According to Equation 6 , lim  is dependent on the horizontal stress ratio k , dip angle of fault  and the distance between the fault plane and circular tunnel center d . It should be noted that rock slip criterion along fault is proposed for the right half of a fault extending at the right bottom of circular tunnel, and for the left part, similar analysis can be performed by transforming the coordinates in the same way.
Numerical validation
To validate the proposed slip criterion of host rock and lower frictional angle 
Numerical modelling strategies
The numerical model to validate the criterion proposed is based on the Universal Distinct Element Code (UDEC) [28] . UDEC is a program developed to solve fault-related problems in discontinuous rock system. Large deformation of rock along the fault is allowed and the properties of fault are quite convenient to be changed in this program. With many kinds of built-in constitutive models of fault, UDEC is suitable for the verification of the criterion proposed in Equation 6 . In the modelling process, the Coulomb slip model was adopted. In UDEC, if
Where s  is the shear stress on the fault plane;  is the frictional angle; n  is the normal stress; and c is the cohesion of fault. Then, the shear displacement can be described as: 
where s u  is the total incremental shear displacement.
From Equation 7 to 10, it can be concluded that prior to rock slip along the fault plane, the total shear displacement of rock along the fault is the elastic constant component. And once rock has already slid, the shear displacement is enlarged. Thus, the criterion presented in Equation 6 can be verified by the derivations and comparisons of shear displacements of nodes along the fault in the numerical model. In the numerical model, rock was assumed to be elastic medium and fault followed Coulombslip criterion. Properties of rock mass were taken from the research of Jiang et al. [27] , and properties of fault were evaluated under the constant normal stress conditions [29, 30] . In order to prevent the fault from opening, tensile strength of the fault was set at a relatively high value up to 10GPa. Properties of rock mass and fault are presented in Table 1 and Table 2 . Stress boundaries were applied to the model, and horizontal stress ratio k was simulated by inputting different horizontal stress while vertical stress remained constant. A circular tunnel of 0 5 rm  was excavated in the rock mass, and in order to eliminate the boundary effect, size of model was set at 140m×140m. Besides, fictitious joint segments were generated near the boundary of model to stabilize the boundary [31] , with 10m-long projection on the horizontal axis. The numerical model was generated as shown in Figure 5 . The frictional angle of fault  put into the numerical model was in a narrow range near the maximum lower limit frictional angle max  .
Tab. 1 -Properties of rock masses
Shear displacements along the fault plane
The shear displacements of nodes along the fault plane 
Fig. 7 -Local shear displacements with different frictional angles of fault
The Figure 7 , which donates sensitivity of the rock shear behaviour to the fault shear strength. With frictional angle decreased, the shear displacements of nodes kept constant when 
ADDRESSING THE IMPORTANT PARAMETERS RELATED TO ROCK-SLIP INSTABILITY PROBLEMS
It is found in Equation 6 that, the lower limit frictional angle of a fault to maintain rock stability related to rock slip along fault plane when tunnelling in hard rock is determined by 3 parameters, including the horizontal stress ratio k , dip angle of the fault  and the distance between the fault plane and circular tunnel center d . To obtain a more comprehensive understanding of the effects of these parameters, a parametric analysis was conducted. The tunnel radius 0 r and vertical stress z  were set at 5m and 4MPa, respectively.
The effects of fault dip angle
It can be seen in Figure 8 that to keep host rock from sliding at excavation wall, the same   ), the lower limit frictional angle lim  shows a great disparity with different fault dips and changes little along the fault plane, which can be explained that the stress distribution far away from tunnel is much less disturbed by excavation, and the required shear strength of fault ( lim  ) is mainly determined by the initial stress field. The relation between dip angle and lower frictional angle of fault strongly suggests that fault with dip angle in the vicinity of 60 may be identified to be the most unfavourable to the stability problems of tunnels in terms of the rock slip along fault. 
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The effects of horizontal stress ratio
It has been found that the rock slip was very sensitive to the horizontal stress ratio k of ground [21] , and the input fault shear strength had to be set significant large to reach model equilibrium. By nature, the rock slip along fault is caused by relative insufficient fault shear strength which is also closely related to stress ratio. Therefore, the effects of horizontal stress ratio on the lower limit frictional angle should be investigated.
The lower limit frictional angle of fault in the far field is strongly dependent on horizontal stress ratio as presented in Figure 9 , and it increases with the decrease of horizontal stress ratio from 1.0 to 0.4 in detail. From all the cases, it can be summarized that with horizontal stress ratio closer to 1.0, higher stability of host rock related to fault could be expected.
The relation between lower limit angle and horizontal stress ratio in Figure 9 is similar to that of Figure 8 , which is: the lower limit frictional angle is strongly dependent on horizontal stress ratio in the far field ( approaches 0), while that of fault at excavation wall are the same in each figure. According to the relations presented in Figure 8 and Figure 9 , it suggests that, the lower limit frictional angle of fault to keep host rock from sliding at excavation wall seems independent of horizontal stress ratio and fault dip angle. However, it should be noted that, rock slip along fault plane is dependent on the shear strength of the whole fault, and the rock near excavation wall is in a loose
The effects of fault spatial location
Stress redistribution induced by excavation is significant around the tunnel, which means that the stress components on the fault plane near excavation wall are strongly affected. And thus the stress components along the fault plane near the excavation wall should be different with different fault spatial location with respect to the tunnel, which might lead to changes of the required shear strength of fault lim  .
As presented in Figure 10 , with different fault spatial locations, lim  approaches the same value of 13.90 when  approaches 0, and it suggests that in the far field, the stress components of on fault plane is not affected by fault location with respect to tunnel. While when  approaches 1 (near the excavation wall), 
CHARACTERISTICS OF SHEAR DISPLACEMENTS INDUCED BY TUNNELING
Once rock slip along the fault plane appears, the tunnel support might be subjected to significant nonuniform rock deformation which would result in unfavourable load on support. By taking this into consideration, the tunnelling-induced nonuniform rock deformation related to fault is characterized by using numerical simulations.
The numerical analysis was focused on the parameters of fault dip angle, horizontal stress ratio and the distance between fault plane and circular tunnel center. Another important parameter was the shear strength of fault (for fault in hard rock, the cohesion could be neglected). To stabilize the rock slip far away from excavation wall along fault plane, the frictional angle of fault should be larger than a certain value (called ini  , short for the initial required frictional angle of a fault ) which could be calculated by Equation 6 with 0   . Given this understanding, the frictional angle of the fault in the numerical analysis should be not less than ini  .
In the numerical cases, prior to tunnel excavation, the model was applied to ground stress at boundaries to reach equilibrium and to produce the in situ stress field. As the proposed criterion was based on elasticity assumption, the models were assumed to be elastic media (other properties of rock and fault are listed in Table1 and Table 2 . In the initial stress equilibrium process, the frictional angle of the fault was the main parameter that affects the equilibrium of the whole system with specified stress boundary conditions and spatial extension and location of a fault. After model equilibrium was reached, the tunnel was excavated in one step and the model was solved for a following equilibrium.
Shear displacements induced by tunnelling related to fault shear strength
It is obvious that the tunnelling-induced shear displacements are determined by the shear strength of a fault. The fault frictional angle might be larger than Reduction ratio of from  max to  ini
Fig. 11 -Shear displacements at excavation wall varying with gradual reduction of fault shear strength for different combinations of horizontal stress ratio and fault spatial extension and location
It could be seen in Figure 11 that, the shear displacements at excavation wall with different combinations of horizontal stress ratio and fault spatial extension and location show similar tendency. With gradually reduction of the input frictional angle of the fault, tunnelling-induced shear displacements increase only when the reduction ratios exceed about 0.4, and this phenomenon might be attributed to a stress redistribution process that, part of shear stress of slip-failure zones were transferred to nearby zones, and then the distinguishable rock slip was delayed. For cases in Figure 11 with larger distances between fault plane and tunnel center, tunnelling-induced shear displacements are much larger than that of other cases when fault frictional angles are reduced to ini  .
The effects of fault dip angle
To reveal the effects of fault dip angle or horizontal stress of ground on the tunnelling-induced shear displacement at excavation wall, other important parameters in the numerical models should be given fixed values. As discussed before, the input frictional angle of fault should be in the range of from ini  to max  . And for remarkable shear displacements from the numerical models, the input shear strength of the fault should better to be set at ini  according to Figure 11 . The relationship between the initial required frictional angle ini  and horizontal stress ratio and fault dip angle graphically presented in Figure 12 , however, shows that for a fixed dip angle of fault, there is no identical ini  could be approached when stress ratio changes. And this is a sign that analysing the effects of stress ratios on the tunnelling-induced shear displacement was hard to be performed. On the other hand, for a fixed stress ratio, there is identical a ini  that could be approached, which indicates that the analysis on the effect of fault dip angle on the tunnelling-induced shear displacement is practicable. 5 combinations of horizontal stress ratios and dip angles of faults are Article no. 36 Figure 13 to demonstrate case pairs in the analysis on the effect of dip angle. And the case conditions of each combination were set with identical stress ratio and input frictional angle of fault.
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The fault dip angle is a main parameter that characterizing the spatial extension of a fault, which has a dominant influence on the ground stress distribution. And the rock deformations may show some different characteristics when tunnelling. Figure 14 demonstrates the shear displacements induced by tunnelling with different fault dip angles while other parameters in the models are fixed. It's clearly seen that, fault dips have remarkable influences on the tunnellinginduced shear displacements in each dip pairs. It also could be found that, the shear displacements in each pair of numerical models with larger dip angles are larger than that of models with smaller dip angles. And when the dip angles in each pair are getting closer, the differences of shear displacements get smaller. 
Fig . 13 
It should be noted that, the effects of fault dip on the tunnelling-induced shear displacements s D was investigated just for individual dip angle pairs that determined the same ini  as the input frictional angle of a fault. And no relationship of shear displacements varying with continuous variation of fault dip angle was investigated. However, it still could be concluded that, larger fault dip angle ( >55   for specified stress ratio and spatial extension of a fault, according to Figure 13 ) is not favourable to the stability of host rock of tunnel related to fault when compared to the corresponding smaller one.
The effects of fault location
The distance between tunnel center and fault plane d in detail, is an important parameter that characterizes the fault relative spatial location. As has been discussed before, only the lower frictional angle of a fault near the excavation wall was strongly affected by d (Figure 10) . Then, the effect of d on the shear displacements could be investigated by giving fixed fault dip angles and horizontal stress ratios.
Results of the four cases with d increased from 0m to 3m presented in Figure 15 show similar tendencies, which could be described as: further the fault plane is away from tunnel center (no larger than the tunnel radius), larger shear displacement The 4 cases are modelled with different horizontal stress ratio and it seems that, larger stress ratio results in larger shear displacement. However, this apparent phenomenon could be explained by Figure 9 that, with a stress ratio closer to 1, the ini  input into the numerical model is smaller and resulting in larger shear displacements.
CONCLUSIONS
Based on continuum assumption and Coulomb-slip criterion, analysis of stress on the fault plane was carried out, and then a criterion to evaluate rock slip along the fault for a circular tunnel, which was excavated in rock mass containing a fault was proposed. The proposed criterion was validated through numerical models. By mathematically describing the proposed rock slip criterion, the "lower limit frictional angle of a fault" parameter was put forward, which was the required shear strength of local part of a fault to prevent rock slip. The main advantage of the proposed criterion is that the potential rock slip along a fault around a circular tunnel could be evaluated by simple calculations and comparisons. By theoretical analysis and numerical explorations, deeper insight into the fault-related instability problems of tunnels is provided, which could be summarized as below:
The fault shear strength was proved to be the main parameter that controlled the stability of rock mass around the tunnel, when compared to required shear strength (the lower limit frictional angle of a fault). The required shear strength of a fault is determined by horizontal stress ratio of ground and the spatial extension and location of a fault, and the analysis of these important parameters' influences on the lower frictional angle of a fault suggested that the rock slip instability near the excavation wall was strongly dependent on the fault spatial location. And this phenomenon was also demonstrated by the effect of fault location on the tunnelling-induced shear displacements near the excavation wall, as lager shear displacement appeared with larger distance between tunnel center and fault plane.
Fault dip in relation to the tunnel was proved to be an important parameter, which the required shear strength of the fault is dependent on. It is demonstrated that, the rock slip stability along the whole fault was influenced by the fault dip. Besides, the tunnelling-induced shear displacement at excavation wall with greater fault dip angle ( 0 90      ) was larger than that of the smaller corresponding fault dip with which the other parameters of the numerical models could be set as the same values.
The effect of ground stress ratio also showed great influence on the stability problem of tunnels in faulted rock masses. With the stress ratio closer to hydrostatic stress state, the required shear strength of a fault is much smaller in the far field. Meanwhile, the required shear strength of a fault near the excavation wall is affected by the ground stress ratio much less, as it is mainly determined by fault location.
Generally, the present research is based on elastic mechanics, and thus no plastic behaviour of rock could be considered, which might be the main limitation of this research. And if the plastic behaviour of rock could be taken into consideration, further explorations of the fault-related instability problems of tunnels could be more comprehensive and useful.
